Introduction
Bacillus spp. are gram-positive, motile, facultative anaerobic, and rod-shaped bacteria, with sizes between 0.5 × 1.2 mm and 2.5 × 10 mm [1, 2] . They are resistant to heat, dehydration, and other harsh physical stresses owing to their endospore formation ability [3] . Although the optimal temperature for their growth is known to be between 25°C and 37°C, some strains can grow in cold temperatures (as low as 3°C) or in high temperatures (up to 75°C) and across a relatively wide pH range (2.0-10.0) [1] .
Owing to these physiological diversities, Bacillus spp. are isolated from a wide variety of habitats, including soils and hot springs [3] . Currently, there are 51 reported Bacillus species, which are divided into three groups on the basis of the morphology of the endospore and sporangium [4] . One of these species, B. cereus, is known as a major foodpoisoning pathogens owing to its ability to produce enterotoxins, such as multiple hemolysins, phospholipases, and proteases [5] .
B. cereus causes two types of food-poisoning syndromes (emetic or diarrheal), which may be involved in a variety of This study investigated the feasibility of the lytic, tailed Bacillus cereus-specific phage for use in a ferromagnetoelastic (FME) biosensor as a novel recognition element. The phage was immobilized at various concentrations through either direct adsorption or a combination of 11-mercapto-1-undecanoic acid (11-MUA) and [N-(3-dimethylaminopropyl) -N'-carbodiimide hydrochloride and N-hydroxysuccinimide (EDC/NHS)]. The effects of time and temperature on its lytic properties were investigated through the exposure of B. cereus (4 and 8 logCFU/ml) to the phage (8 logPFU/ml) for various incubation periods at 22°C and at various temperatures for 30 and 60 min. As the phage concentration increased, both immobilization methods also significantly increased the phage density (p < 0.05). SEM images confirmed that the phage density on the FME platform corresponded to the increased phage concentration. As the combination of 11-MUA and EDC/NHS enhanced the phage density and orientation by up to 4.3-fold, it was selected for use. When various incubation was conducted, no significant differences were observed in the survival rate of B. cereus within 30 min, which was in contrast to the significant decreases observed at 45 and 60 min (p < 0.05). In addition, temperature exerted no significant effects on the survival rate across the entire temperature range. This study demonstrated the feasibility of the lytic, tailed B. cereus-specific phage as a novel recognition element for use in an FME biosensor. Thus, the phage could be placed on the surface of foods for at least 30 min without any significant loss of B. cereus, as a result of the inherent lytic activity of the B. cereus-specific phage as a novel recognition element.
Keywords: Ferromagnetoelastic biosensor, Bacillus cereus, recognition element, lytic tailed phage, optimization infections, such as endophthalmitis, endocarditis, meningitis, periodontitis, osteomyelitis, wound infection, and septicemia [3, 6] . In the Netherlands, B. cereus is ranked as one of the top three food-poisoning pathogens (19%), after Vibrio parahaemolyticus and Staphylococcus aureus [2, 7] . In USA, more than 27,000 outbreaks of B. cereus occurred every year between 1993 and 1997, which made it the seventh most common foodborne pathogen [8] . In general, outbreaks of B. cereus are reported in approximately 1-20% of the world and the infective doses vary from 10 4 to 10 9 CFU/g in food [9, 10] . The implicated foods are spaghetti, pasta, rice, dairy, dried milk products, spices, meat, chicken, vegetables, fruits, grains, and seafood, as well as many fermented foods [11, 12] .
As the removal of B. cereus from foods is not easy owing to its ubiquitous nature and heat-resistant endospores, many studies have focused on the development of rapid, sensitive, reliable, and practical biosensor methods as an intervention strategy [9, 13, 14] . Our research group developed a free-standing, phage-based ferromagnetoelastic (FME) biosensor composed of an FME platform and a specific phage for the recognition of target pathogens [15, 16] . The principle of the FME biosensor is based on the resonant frequency shift of the FME platform that is immobilized with a specific phage corresponding to the target pathogen. When the phage-immobilized FME platform is placed on food, if the target pathogen is present, specific bindings will occur between the phage and the pathogen. As the number of pathogens bound to the FME platform is directly proportional to the resonant frequency shift, the pathogens can be identified and quantified from the resonant frequency shift of the FME platform [17, 18] . Recent studies [19, 20] have demonstrated the potential application of the FME biosensor for Salmonella Typhimurium detection through the measurement of the resonant frequency, which did not require any tedious sample preparation. Furthermore, several previous studies [20] [21] [22] have already confirmed the rapidity, sensitivity, reliability, and practicability of the FME biosensor in comparison with a real-time quantitative PCR method. Thus, the FME biosensor could be employed for B. cereus detection to make use of the advantages mentioned above.
The search for a new recognition element that fits the target pathogen is a necessity for the approach. The required properties of the ideal recognition element are excellent selectivity (specificity), sensitivity, stability (durability), and cost efficiency, as well as ease and efficiency of immobilization [15, 23, 24] . Recently, phages have attracted attention owing to their excellent stability against harsh temperatures, pH, and organic solvents, excellent selectivity against target pathogens (narrow selectivity), and costeffectiveness [24, 25] . Many phages have been isolated and purified from the environment and foods for use predominately as biocontrol agents rather than as recognition elements [26, 27] .
Our research group had already isolated and purified a novel B. cereus-specific phage (reported as BCP8-2) from fermented soybean products in Korea. The phage showed excellent selectivity against the B. cereus group only, among other Bacillus species [9] . The phage had an icosahedral head with a relatively long tail, as well as a lytic property, which followed the general property of almost all phages (approximately 96%) isolated from the environment and foods [28] . As indicated in Fig. 1 , clear morphological differences were observed between the filamentous E2 phage commonly used in FME biosensors for S. Typhimurium detection and the B. cereus-specific phage. The E2 phage contains numerous binding sites on both sides of the E2 phage surface (Fig. 1A) , whereas the tailed B. cereusspecific phage has only one binding site (at the end of the tail) for the target bacteria due to binding of its head on the sensor surface (Fig. 1B) . Thus, the direct adsorption method used for immobilization of the filamentous E2 phage may not be appropriate for the stable and successful performance of the B. cereus-specific phage owing to its random, inappropriate, and poor orientation [29] . In addition, the lytic property of the B. cereus-specific phage is also problematic for its employment on the FME biosensor, because the principle of the FME biosensor is based on the mass change on the sensor. The lytic activity of the B. cereus-specific phage could cause bacterial lysis on the FME platform such that the loss of bacterial mass on the FME platform will decrease the resonant frequency shift. Finally, Fig. 1 . Sketch images of the (A) E2 phage and (B) lytic, tailed B. cereus-specific phage, and (C) SEM image of the lytic, tailed B. cereus-specific phages on the ferromagnetoelastic platform.
The bar in the SEM image indicates 2-µm length.
